The genome of the virus that causes salivary gland hypertrophy in Musca domestica (MdSGHV) was sequenced. This non-classified, enveloped, double stranded, circular DNA virus had a 124,279bp genome. The G + C content was 43.5% with 108 putative methionine-initiated open reading frames (ORFs). Thirty ORFs had homology to database proteins: eleven to proteins coded by both baculoviruses and nudiviruses (p74, pif-1, pif-2, pif-3, odv-e66, rr1, rr2, iap, dUTPase, MMP, and Ac81-like), seven to nudiviruses (mcp, dhfr, ts, tk and three unknown proteins), one to baculovirus (Ac150-like), one to herpesvirus (dna pol), and ten to cellular proteins. Mass spectrum analysis of the viral particles' protein components identified 29 structural ORFs, with only p74 and odv-e66 previously characterized as baculovirus structural proteins. Although most of the homology observed was to nudiviruses, phylogenetic analysis showed that MdSGHV was not closely related to them or to the baculoviruses.
Introduction
Presently, three different dipterans are known to harbor salivary gland hypertrophy viruses (SGHV). These include the house fly Musca domestica (Coler et al., 1993) , the narcissus bulb fly Merodon equestris (Amargier et al., 1979) , and various tsetse fly species Glossina spp. (Gouteux, 1987; Jaenson, 1978; Minter-Goedbloed and Minter 1989; Otieno et al., 1980; Shaw and Moloo, 1993) . Comparisons among different virus-host fly interactions have demonstrated that the different viruses share several morphological and pathological properties (Amargier et al., 1979; Coler et al., 1993; Ellis and Maudlin, 1987; Jaenson, 1978; Kokwaro et al., 1990 Kokwaro et al., , 1991 Odindo et al., 1986) . Electron microscopy of virus particles in hypertrophic salivary glands showed heterogeneous, elongate (650 by 75 nm), enveloped rodshaped virions (Geden et al., 2008) . In all three fly hosts, the virus replicated in the nuclei of salivary gland cells, resulting in nuclear and salivary gland hypertrophy (SGH) that is easily visualized when the insects are dissected. Infected adults do not exhibit any external disease symptoms, but viral infection is known to inhibit reproduction (Lietze et al., 2007) .
The best-studied SGHVs are those associated with the tsetse fly complex that were detected over sixty years ago in feral flies (Burtt, 1945; Whitnall, 1934) . SGHV infection in tsetse flies, in addition to causing SGH, results in testicular degeneration and ovarian abnormalities (Feldmann et al., 1992; Jura et al., 1988; Sang et al., 1998 Sang et al., , 1999 . The tsetse SGHV can infect the female milk gland, resulting in maternal transmission to larvae in this viviparous, hematophagous insect. Venereal transmission between infected and healthy tsetse flies has been reported (Jura et al., 1989) . The natural incidence of the tsetse SGHV is low; only 0.4 to 5% of the field-collected flies display SGH (Ellis and Maudlin, 1987; Jaenson, 1978; Jura et al., 1988; Odindo, 1982; Odindo et al., 1981) . In colonized G. morsitans, incidence of symptomatic SGH ranges from 1.1% (Jura et al., 1993) to 4.0% (Kokwaro et al., 1990) . However, in recent years, the tsetse SGHV has been reported to infect and sometimes decimate the tsetse fly colonies being used for sterile insect release programs. Recently, the development of a diagnostic polymerase chain reaction (PCR) has demonstrated that the tsetse SGHV can exist in an asymptomatic state in host flies (Abd-Alla et al., 2007) . Insect colonies displaying low levels (b 5%) of SGH symptoms produce a 100% tsetse SGHV PCR-positives.
The SGHV from M. domestica (MdSGHV) is orally transmitted by adult feeding on contaminated substrates and is capable of inducing the symptomatic SGH within days. Like the tsetse SGHV, infection by MdSGHV acts to rapidly and completely inhibit egg production in viremic females (Lietze et al., 2007) . Examination of the translational and transcriptional products has demonstrated that the infection blocks hexamerin and yolk protein synthesis. In addition, infection with MdSGHV disrupts house fly mating behavior in that symptomatic Virology 377 (2008) [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] females refuse to copulate with healthy males and symptomatic males show reduce avidity to initiate courtship with healthy females. Thus, the MdSGHV-induced mechanisms underlying the inhibition of house fly reproduction appear to function on both physiological and behavioral levels (Lietze et al., 2007) .
Comparisons reveal that MdSGHV possesses biological properties that are distinct from the tsetse SGHV. The house fly is highly susceptible to the virus. Injection of an estimated 100 virions results in 100% SGH of test flies (Lietze et al., 2007) , whereas injection with millions of virions results in~20% SGH in colony-reared adult tsetse flies (Abd-Alla, personal communication). The SGHVs in tsetse flies have been reported to be transmitted vertically from mother to offspring, whereas the MdSGHV has been shown to be only orally transmitted (Lietze et al., 2007) . The incidence of symptomatic SGH, reported to be as high as 34% in feral house fly populations (Geden et al., 2008) , is much greater than the 0.4 to 5.0% in tsetse fly populations (Jaenson, 1978; Otieno et al., 1980; Odindo et al., 1981; Odindo, 1982; Ellis and Maudlin, 1987; Jura et al., 1988) .
The MdSGHV, as well as the tsetse SGHV, share general characteristics with the non-occluded insect nudiviruses, such as being insect-pathogenic, having an enveloped, rod-shaped morphology, and possessing a circular dsDNA genome (Wang et al., 2007a) . Members of this group were once placed within subgroup C of the Baculoviridae but have since been placed in the unassigned nudivirus group and classified as sedis incertae. Analyses of complete genome sequences of over 40 baculoviruses have shown the presence of a core of 29 conserved genes (Garcia-Maruniak et al., 2004; Lauzon et al., 2004) . The Heliothis zea nudiviruses 1 and 2 (HzNV-1, HzNV-2), the Gryllus bimaculatus nudivirus (GbNV), and the Oryctes rhinoceros nudivirus (OrNV) have been shown to contain 15 core baculovirus genes (Cheng et al., 2002; Wang et al., 2007a,b,c) . Analysis of selected nudivirus sequences has indicated that they form a monophyletic sister group that apparently diverged from a common ancestor of the baculoviruses (Wang et al., 2007b) . Whether the SGHV fits within this monophyletic nudivirus group is unknown. Preliminary studies on both the tsetse fly and housefly SGHVs have demonstrated that they possess structural and biological properties that are distinct from the insect nudiviruses (Coler et al., 1993; Abd-Alla et al., 2007) . During submission of this manuscript, the complete genome sequence of the related GpSGHV became available (Abd-Alla et al., 2008) . In order to determine the genetic basis for the SGHV group classification and to further understand the MdSGHV, its genome has been sequenced. The results of this effort are presented in this manuscript.
Results and discussion

Virus morphology and SDS-PAGE analysis
Injection of the filtered homogenate from MdSGHV infected salivary glands into healthy houseflies resulted in 100% infection. Gradient purification on osmotically stabililized Nycodenz gradients produced a uniform population of enveloped rod-shaped virus particles measuring 65 by 550 nm (Fig. 1) . Previous attempts involving sucrose gradient purification resulted in preparations consisting of partly enveloped nucleocapsids (Coler et al., 1993) . Negative staining of the Nycodenz-purified virus revealed enveloped particles possessing a unique braided, bead-like surface topography not observed with other rod-shaped insect viruses (Fig. 1) . Furthermore, the ends of the virus particle were rounded and not blunt-ended as observed with the nudiviruses. The length of the enveloped MdSGHV, although shorter than the Glossina pallipedes GpSGHV (1.0 μm in length) (Odindo et al., 1986) , was significantly longer than the enveloped forms of GbNV and OrNV (100 by 200 nm, Wang et al., 2007a) .
SDS-PAGE of purified MdSGHV produced a complex of Coomassie R-250 blue-stained bands ranging from 10 to N150 kDa (Fig. 2) . The presence and distribution of the two major-stained (bands b and h) and moderately-stained bands agreed with the protein profile previously reported (Coler et al., 1993) and those results obtained Fig. 1 . Transmission electron micrograph of MdSGHV particle purified on Nycodenz gradients and stained with uranyl acetate. Fig. 2 . SDS-PAGE of MdSGHV stained with Coomassie blue. Molecular masses (kDa) of the Bio-Rad markers are denoted on the left side of the gel. The letters represent the excised gel sections that were subjected to GeLC-MS/MS analysis. Adjacent numbers represent the different ORFs that were detected in the denoted gel sections. The numbers in the parentheses represent the number of unique peptides that identified the designated ORFS.
with various other (putative) nudiviruses (Boucias et al., 1989; Payne, 1974) . However, the low molecular bands (b 20kDa) were not resolved in a previous analysis (Coler et al., 1993 ) that utilized a non-gradient 12% separating gel. In addition to the 16 bands, multiple light-stained bands were detected throughout the gel, suggesting proteolysis had occurred during sample storage and/or preparation.
Genome sequence analysis
A total of 60.5μg of DNA was extracted from a sample containing an estimated 2.5mg of purified virus. End-labeling of undigested MdSGHV DNA was unsuccessful, suggesting a circular genome structure. This result was further confirmed when the genome was completely sequenced, showing that the double-stranded circular DNA of MdSGHV was 124,279bp in size, somewhat smaller than the originally described 137 kbp, estimated by restriction endonuclease analysis (Coler et al., 1993) . The end-labeled fragments of the digested DNA showed this viral preparation, to be more homogeneous (derived from a single gland) than the virus extracted from the pooled glands preparation previously analyzed (Coler et al., 1993) . The sequence analysis, however, confirmed that our viral preparation was still polymorphic. At least 66 bases were found to be different when sequences from several DNA fragment clones were aligned. The differences at a given nucleotide position were always found to be nucleotide transitions. The most abundant base (present in the majority of the clones sequenced) was chosen as the consensus. The location of each polymorphic base was mapped in the genome (data not shown) as potential targets for assessing polymorphism of fieldcollected viral samples. The MdSGHV genome is smaller than the 185 kbp estimated for GpSGHV (Abd-Alla et al., 2007) . It should be noted that the estimated genome sizes reported among the nudiviruses range from 96 to 228kb (Wang et al., 2007a) . The G + C content of MdSGHV was 43.5%, which is very similar to several baculoviruses, HzNV-1 and OrNV, but it is higher than GbNV, which has only a 28% G + C content (Cheng et al., 2002; Wang et al., 2007b,c) . The computer generated EcoRI digestion of the MdSGHV genome resulted in 52 fragments ranging from 10,219bp (EcoRI-A) to 30bp (EcoRI-z). From those, 47 fragments have been cloned, resulting in the construction of 90% of the MdSGHV EcoRI genome library. The physical map is shown in Fig. 3 .
Nucleotide 1 of the MdSGHV genome was considered to be the A of the ATG initiation codon for the DNA polymerase gene (dnapol). This gene was chosen as the start site in an effort to find a common gene present in all DNA viruses, so that other unclassified DNA viruses could be easily compared. A total of 108 putative ORFs were identified in the MdSGHV genome (Table 1, Fig. 3 ). There were 53 ORFs (49%) transcribed in the clockwise direction and 55 (51%) in the opposite direction. Interestingly, there were several clusters of ORFs transcribing in one direction. A balance in transcriptional direction is often found in baculoviruses and nudiviruses. A total of 22 ORFs overlapped adjacent ORFs with a maximum of 158 nucleotides between ORFs 105 and 106. These two ORFs had opposite transcriptional orientations and were over 240aa in size. No biological activity could be assigned to ORF 105, since there was no protein homology, nor known motifs, while ORF 106 had homology to the baculovirus pif-3 gene. Elimination of ORF 105 just to avoid overlapping was considered unsupported at this stage in a poorly known virus, so it was accepted as a putative ORF. 
MdSGHV gene content analysis
From the putative 108 ORFs found in MdSGHV, only 30 had significant homology to proteins from the current database (Table 1, Fig. 3 ). From those, 11 had homology to proteins coded by both baculovirus and nudivirus genes, seven to nudivirus, one to baculovirus, one to herpesvirus, and ten to cellular genes. From the 12 ORFs homologous with proteins encoded by baculovirus genes, only five were from the conserved core of 29 genes (Garcia-Maruniak et al., 2004) . The highest number of homologous ORFs was found with the nudiviruses (18 in total), although just seven of those are present in all of the nudiviruses completely sequenced to date: HzNV-1 virus (Cheng et al., 2002) , GbNV (Wang et al., 2007b) , and HzNV-2 virus (information obtained from Wang et al., 2007a ).
Analysis of structural proteins
A total of 29 MdSGHV ORFs encoding structural proteins were identified from the GeLC-MS/MS analysis of the SDS-PAGE gel of the purified virus preparation ( Fig. 2 ; Table 2 ). The number of proteins detected was less than that detected in enveloped baculovirus (Braunegel et al., 2003; Perera et al., 2007) . For example, Perera and colleagues, using the GeLC-MS/MS approach, identified 44 structural proteins in the nucleopolyhedrovirus of Culex nigripalpus. In many cases in our analysis, the calculated molecular mass of the gel band contained peptide data that corresponded to an ORF(s) that encoded for a similar-sized peptide. For example, the major band b (~145kDa) contained peptides that accounted for 67% coverage of ORF 96 (165kDa), whereas band h (~38kDa) contained peptides that accounted for 61% and 70% coverage of ORF 86 (43 kDA) and ORF 22 (40kDa) respectively. Additionally, the LC-MS/MS analysis identified peptide fragments that originated from an array of ORFs that had molecular masses different from the calculated values of the gel fragments. For example, similar motifs identified from ORFs 96 and 86 were found in all gel fragments, suggesting a breakdown of certain protein complexes. Alternatively, motifs from ORF 94 (13kDa) were detected in bands h (43kDa) and i (35kDa), suggesting an incomplete solubilization of the structural peptides. Of the 29 structural ORFs, only five ORFs (13, 16, 39, 50, and 91) had less than 10% coverage. Fourteen ORFs had 10-50% coverage, and ten ORFs had coverage greater than 50% (Table 2) . It should be noted that all 29 ORFs identified as bona fide structural peptides contained unique peptide fragments, ranging from 6 to 27 amino acids that had a 100% match to the translated MdSGHV putative ORFs. The structural ORFs appeared to be clustered loosely on the genome; a total of 17 structural ORFs were located between MdSGHV013 and MdSGHV052, and eight structural ORFs were located between MdSGHV084 and MdSGHV097.
MdSGHV proteins homologous to proteins involved in DNA replication
Two ORFs, MdSGHV001 and MdSGHV104, had homology to the DNA polymerase and helicase enzymes, respectively (Table 1) , and both are known to be involved in DNA replication. The best match of MdSGHV001 to viral genes was to a herpesvirus DNA polymerase with 22.8% amino acid identity. No significant BLASTP matches were obtained with either the baculovirus or nudivirus DNA polymerases, even when the comparison was done with the local database containing only nudiviruses ORFs. The DNA polymerase of MdSGHV had homology to a delta 1 catalytic subunit similar to the DNAdirected DNA polymerase type B family that has a DNA binding polymerase and a 3′-5′ exonuclease activity (Shamoo and Steitz, 1999) . The conserved nucleotide binding site K(3×)NSxYG(2×)G motif at the C terminus was found almost intact in the MdSGHV DNA polymerase putative peptide (KLCANAIYGLLG starting at aa 631). In order to asses the relationship of MdSGHV to other DNA virus families, a phylogenetic analysis was done on the DNA polymerase gene. The results show that MdSGHV DNA polymerase was closer related to the baculovirus DNA polymerase than to the nudivirus DNA polymerase (Fig. 4A) . MdSHGV001 clustered close to Herpesviridae, iridoviruses and ascoviruses. The baculovirus, poxvirus and herpesvirus families appeared to have monophyletic DNA polymerase lineages. Without additional family members, viruses such as iridescent virus, ascoviruses, densoviruses, shrimp white spot syndrome virus (SWSSV), nudiviruses and MdSGHV do not show direct descent and origins of their DNA polymerases.
The best match of MdSGHV104 was to a Parabacteroides helicaselike protein, although the homology was low. Helicase is one of the 29 conserved baculovirus core genes, and ORFs with homology to helicase-2 have been described in HzNV-1, HzNV-2 and OrNV (Wang et al., 2007a) . MdSGHV104, however, presented no significant homology to either the baculovirus or the nudivirus peptides. The viral replication genes from MdSGHV seem to be distinct from other Table 2 for details. b "-" indicates number of nucleotides overlapping between adjacent ORFs. c % of amino acid identity (number of aa used in the identity comparison) total number of aa from the compared protein. insect DNA viruses. Interestingly, no baculovirus transcriptional regulator gene homologues were found in the MdSGHV genome. Also, there was no homology to any of the early transcriptional genes, to the late transcriptional activators, nor to the genes encoding for known viral RNA polymerases. Analysis of the DNA replication and transcriptional genes of other SGHVs could help decipher the strategy used by these viruses.
MdSGHV proteins homologous to baculovirus structural proteins
Six MdSGHV ORFs had homology to known baculovirus structural proteins (Table 1) : MdSGHV029 (pif-1), MdSGHV039 (p74), MdSGHV047 (odv-e66), MdSGHV049 (Ac150), MdSGHV089 (pif-2) and MdSGHV106 (pif-3). While pif-1, pif-2, pif-3 and the p74 genes belong to the core of conserved baculovirus genes and are present in all completely sequenced nudiviruses, odv-e66 is present only in the nucleopolyhedrovirus (alphabaculovirus) and granulovirus (betabaculovirus) that infect Lepidoptera hosts (Jehle et al., 2006) and in OrNV (Wang et al., 2007c) . On the other hand, Ac150-like is present in all GVs but not all NPVs and is not present in nudiviruses. The per os infectivity factor (pif) proteins seem to be associated with the baculovirus occlusion-derived viruses (ODVs), are released from occlusion bodies by the alkaline environment of the insect midgut, and have been reported to be responsible for both oral infectivity and host-to-host dispersal of these viruses. It has been shown that p74 (Kuzio et al., 1989) , pif-1 (Kikhno et al., 2002) , pif-2 (Pijlman et al., 2003) , and pif-3 are essential proteins for oral infection. The phylogenetic analysis of the combined p74, pif-1, pif-2 and pif-3 proteins showed a distant relationship between MdSGHV and the baculoviruses (Fig. 4B) , and that there is no common ancestor with the nudiviruses with the current number of viruses with pif proteins analyzed. There appears to be a monophyletic relationship amongst the baculovirus combined pifs including lepidopteran, hymenopteran and dipteran viruses. The HzNV-1 and GbNV pifs appear to branch together, but the MdSGHV pifs are basal, as are the nudiviruses to the baculovirus pif proteins.
MdSGHV049 had homology to the Autographa californica NPV (AcMNPV) ORF 150 (Ac150). Transmission electron microscopy coupled with immunogold labeling of Ac150 show this protein is associated mainly with enveloped virions before and after they had been occluded within the nuclei of infected Sf-21 cells, and it is also found in budded virus (Lapointe et al., 2004) . Deletion of Ac150 decreases oral infectivity, but has no effect when the budded viruses (BV) are injected into the insect hemocoel indicating that Ac150, can be considered a per os infection factor that mediates, but is not essential for oral infection (Zhang et al., 2005) . The C terminus of MdSGHV049 (from aa 98 to 152) had a chitin-binding peritrophin-A (CBM-14) domain similar to Ac150. This domain is found in many chitin-binding proteins including peritrophic matrix proteins of insects and animal chitinases (Tellam et al., 1999) .
MdSGHV does not produce occlusion bodies, so there is no ODV form of the virus. Although six putative genes were found in the MdSGHV genome that had significant amino acid identity to known structural genes (Table 1) , the mass spectrometry analysis of the structural proteins separated by an acrylamide gel found only two genes coding for the p74 (MdSGHV039) and odv-e66 (MdSGHV047) proteins associated with the enveloped MdSGHV (Table 2) . Possibly, the MdSGHV pif proteins either could be produced in nondetectable quantities as reported for Spodoptera littoralis NPV (SpliNPV) pif-1 (Gutierrez et al., 2004) , or may not be structural proteins. If pif-1, pif-2, pif-3 and Ac150-like proteins are expressed and are important in the oral infection of MdSGHV they may be delivered in the salivary secretions to the next host. The predicted transmembrane domains of the MdSGHV pif-1, pif-2, pif-3 and odv-e66 were localized in the N-terminal region, while the p74 transmembrane motif was found in the C-terminus of the putative peptides, similar to those proteins in the baculoviruses.
Although pif-1, pif-2, pif-3 and p74 have been described in the genomes of other nudiviruses (Wang et al., 2007a) , there was no significant amino acid homology between MdSGHV pif-3 and the nudiviruses pif-3. MdSGHV odv-e66 had the best amino acid homology (35% identity) with GpSGHV. This gene has also been found in the genome of OrNV (Wang et al., 2007c) , but not in the other two nudiviruses (HzNV-1 and GbNV).
MdSGHV proteins homologous to auxiliary and undefined baculovirus proteins
MdSGHV036 is homologous to the zinc-dependant matrix metalloproteinase (MMP) of several viruses including the granuloviruses, HzNV-1, entomopoxvirus and the insect iridescent virus. MMPs are responsible for pericellular proteolysis of extracellular matrix and cell surface molecules and, in many instances, they are anchored to cell The percent coverage and number of unique fragments represents the pooled amino acid sequence attained from all gel slices analyzed using the GeLC-MS/MS analysis. a Indicates MdSGHV ORFs with protein coverage of less than 10%. membranes via trans-membrane domains (Baumann et al., 1993) . MdSGHV036 had a transmembrane domain in its N-terminus (Table 1) , although it had not been detected by the mass spectrum analysis of MdSGHV as a structural protein. In granuloviruses this protein is believed to disrupt the peritrophic matrix or the basement membranes that help hold tissues together thus assisting in virus dissemination (Ko et al., 2000) . MdSGHV052 had a high homology to a dUTP pyrophosphatase (dUTPase) of the iridovirus (51% aa identity). This gene, also present in several baculoviruses and in HzNV-1, is involved with nucleotide transport and metabolism. UTPase hydrolyzes the triphosphate DNA polymerase substrate dUTP to non-substrate monophosphate (dUMP) to prevent incorporation of uracil into the DNA while providing the substrate for thymidine synthesis (Harris et al., 1999) . The protein coded by MdSGHV052 was detected by mass spectrometry to be a structural protein (Table 2) .
The highest amino acid homology was found for MdSGHV062 and MdSGHV065 to Lymantria dispar NPV (LdMNPV) and Spodoptera litura NPV (SpltNPV) ribonucleotide reductase small (rr2) and large (rr1) subunits, with 72% and 61% aa identities, respectively (Table 1) . These two MdSGHV ORFs were separated by almost 3 kbp and had opposite transcriptional orientations. The genes coding for rr1 and rr2 are present in viruses including nudiviruses and baculoviruses, as well as eukaryotes and many prokaryotes.
MdSGHV078 encoded an inhibitor of apoptosis (iap) homologue. The iaps were first discovered in baculoviruses and are present in various animal species (Clem, 1997; Uren et al., 1998) . They have one to three consensus amino-terminal regions named BIR (baculoviral iap repeat) domains, essential to inhibit apoptosis by acting as a direct inhibitor of the caspase family of protease enzymes (Miller, 1999) . The iaps also have a carboxy-terminal zinc-binding motif named ring finger, which appears to be involved in ubiquitination of the iap itself and potentially, any caspase bound to it (Wilson et al., 2002) . The MdSGHV078 encodes a 142aa peptide that is smaller than the majority of the baculovirus iaps, but very similar in size to the Melanoplus sanguinipes entomopoxvirus iap which had the highest homology to MdSGHV078, although baculoviruses and nudiviruses iap-3 also had significant homology. MdSGHV078 had only one BIR motif in its N-terminus with the three conserved cysteines (aa position 46, 49 and 73) and one histidine (aa 66) in the expected conserved locations, but did not have the zinc finger domain at its C-terminus. Other baculoviruses have iap proteins with only one BIR motif, and since not all iap are capable of preventing cell death (Maguire et al., 2000) , the function of this ORF will need to be confirmed experimentally.
A homologue of AcMNPV ORF 81(Ac81) present in all the baculoviruses and nudiviruses was found in the MdSGHV genome. The best homology was found with the Neodiprion lecontei NPV Ac-81 like protein. MdSGHV108 has two transmembrane domains at its C-terminus. Although this gene belongs to the core of baculovirus conserved genes, its functions has not been defined (Slack and Arif, 2007) .
MdSGHV proteins homologous to nudivirus proteins
Seven ORFs (MdSGHV ORFs 10, 11, 12, 26, 48, 69 and 76) had homology to nudivirus putative proteins not found in any baculovirus genome (Fig. 3, Table 1 ). Five of those are cellular genes, the majority of which have been well studied in eucaryotes (see below). MdSGHV010 has homology with a mitochondrial carrier protein present in OrNV (ORF C7). The mitochondrial carrier protein family comprises a variety of small proteins (28 to 34kDa) that catalyze the exchange of substrates across the inner mitochondrial membrane (IMM), and have three tandemly repeated mitochiondria carrier domains of approximately 100aa each (Walker and Runswick, 1993) . MdSGHV010 had a predicted molecular weight of 29kDa and two mitochondria carrier domains at its C terminus (between aa 83-179 and 176-256, respectively).
MdSGHV011 was homologous to HzNV-1 dihydrofolate reductase (DHFR). DHFR is a ubiquitous enzyme that plays a key role in DNA replication and cell division, since the enzyme is essential in providing purines and pyrimidine precursors for the biosynthesis of DNA, RNA and amino acids (Miller and Benkovic, 1998) .
MdSGHV012 was homologous to a putative thymidylate synthase (TS) found in the genomes of OrNV, HzNV-1, HzNV-2, SWSSV, herpesviruses and other viruses. The TS is involved in the biosynthesis of DNA precursors and, hence, it is one of the most conserved enzymes across species and phyla (Perryman et al., 1986) . The phylogenetic analysis of several viral and cellular TS grouped MdSGHV012 closer to OrNV than to HzNV-1 TS (Fig. 4C) . The lack of monophyletic structure in the tree suggested that this gene was acquired from the host at multiple independent occasions rather than originating from a common DNA virus ancestor. This is further corroborated by the tree positions found between HzNV-1 and insects, as well as an entomopoxvirus and herpesviruses basal with insects and a nematode. In several protozoa, a single polypeptide chain codes for both, DHFR and TS, forming a bifunctional enzyme (DHFR-TS), possibly through gene fusion at a single evolutionary point. Interestingly, MdSGHV ORFs 11 and 12 were adjacent to each other although with opposite transcriptional directions, and their functions (if confirmed to be active proteins) are interconnected. The size of both putative proteins was similar to those of active proteins. As mentioned before, the DNA polymerase and helicase genes from MdSGHV are distantly related to those of the baculoviruses and other insect viruses. Potentially, different genes, not even present in the baculoviruses are key players in the DNA replication of MdSGHV.
MdSGHV069 was a 203 aa putative protein homologous to the deoxynucleoside kinase (dNK) family protein. The best match was found to Spodoptera frugiperda ascovirus 1a thymidine kinase (tk). This protein is produced by several cellular organisms and viruses such as HzNV-1 (ORF 70). The are key enzymes in the salvage of deoxyribonucleosides originating from extra-or intracellular breakdown of DNA (Johansson et al., 2001 ). MdSGHV069 contained the conserved substrate-binding sites of this protein family (cd01673).
MdSGHV026 was a 60 aa long, serine-rich putative protein. This ORF had homology only to GbNV ORF 73 (Wang et al., 2007b) . MdSGHV048 presented a low homology to a cellular hypothetical gene and also to HzNV-1 ORF 153. Lastly, MdSGHV076 was homologous to unknown proteins detected in nudivirus genes including OrNV-C3, GbNV ORF 65, HzNV-1 ORF 68 and HzNV-2 ORF 70 (Cheng et al., 2002; Wang et al., 2007a,b,c) .
MdSGHV ORFs with homology to cellular genes
Ten ORFs had homology to cellular genes (Fig. 3, Table 1 ). MdSGHV014 had a low homology to a molybdopterin oxidoreductase from Mycobacterium. MdSGHV033, was similar to the putative vacuolar sorting ATPase from Candida albicans. It had an AAA-ATPase motif that belongs to the AAA-superfamily of ATPases, associated with a wide variety of cellular activities, including membrane fusion, proteolysis, and DNA replication (Patel and Latterich, 1998) . MdSGHV050 was similar to a cellular aminoacylase-1. Mass spectral analysis showed that these three ORFs code for structural proteins of MdSGHV (Table 2 ). MdSGHV064 had a RING-, and a zinc-finger (C3HC4) motifs. The RING-finger domain is a specialized type of a Zinc-finger of 40 to 60 residues that binds two atoms of zinc; it is defined by the 'cross-brace' motif C-X2-C-X(9-39)-C-X(1-3)-H-X(2-3)-(N/C/H)-X2-C-X(4-48)C-X2-C. This C3HC4 motif was present between aa 214-251 of MdSGHV064. Proteins carrying this motif have been identified with a wide range of functions such as viral replication, signal transduction, and probably are involved in mediating proteinprotein interactions (Saurin et al., 1996) . MdSGHV066 is a 579aa putative sodium dependent nucleoside transporter protein. The conserved motif of the nucleoside transporter was in the C-terminal end of MdSGHV066, and a total of 13 transmembrane domains were found in this ORF. A similar sized protein having 14 transmembrane motifs, capable of selectively transporting pyrimidine nucleoside and adenine has been studied in mammal jejunal epithelium (Huang et al., 1994) . MdSGHV082 had homology to an integrase/recombinase protein that is involved in DNA rearrangements by site-specific DNA recombination (Grainge and Jayaram, 1999) . The conserved integrase/recombinase motif was found at the C-terminal end of MdSGHV082. Although GbNV also has an integrase protein (ORF 57) (Wang et al., 2007b) , there was not significant homology to MdSGHV082. MdSGHV035, MdSGHV046 and MdSGHV055 had homology to functionally unknown cellular proteins. Finally, MdSGHV104 with low homology to helicase gene has been discussed previously (under homologues to proteins involved in DNA replication). 
Direct repeats
Eighteen tandem direct repeats (drs) were found distributed throughout the genome. The size of the repeated sequences ranged from 149bp (dr15) to only 9bp long (dr18), and the number of copies of the drs ranged from 1.9 to 7.4, making the total sizes of the drs range from 30bp to 380bp long (Table 3) . Unlike the homologous regions (hrs) found in large, circular invertebrate dsDNA viruses that have imperfect palindromic sequences within the repeated region (Cochran and Faulkner, 1983; Garcia-Maruniak et al., 1996) , no palindromes were found in the MdSGHV direct repeats. The MdSGHV drs appeared similar to those found in HzNV-1, GbNV, and OrNV and Neodiprion sertifer NPV (NeseNPV) (Cheng et al., 2002; Garcia-Maruniak et al., 2004; Wang et al., 2007b,c) , however the AT percentage was not as high as GbNV drs. Seven drs (dr5, 6, 7, 10, 16, 17 and 18) were located inside putative ORFs. Baculovirus hrs are located between genes and act as transcriptional enhancers (Guarino and Summers, 1986) and/or origin of DNA replication (Pearson et al., 1992) . Another feature of the hrs is that their sequences have homology within the same genome. This feature was not present in the MdSGHV drs, as no significant homology was observed between the 18 drs. A 45bp TCA repeat was located inside ORF 101, similar to the 3 base repeats reported in GbNV (Wang et al., 2007b) .
In this study, we have determined the complete genome sequence and provided the first comprehensive analysis of the MdSGHV genome. Completion of the genome sequence has provided a foundation to examine the biology of a unique insect virus. This virus, with the ability to sterilize female flies, has the potential of being developed into an adult biopesticide. The sequence data will play an important role in elucidating the mechanisms underlying its ability to shut down reproductive behaviors and will provide a platform to engineer improved biopesticides against pest fly populations. The sequence data will also be used to characterize genetic variants isolated from feral housefly populations and determine which polymorphisms are associated with the epizootic or the enzootic profiles exhibited by this virus in fly populations. Importantly, related SGHVs have been isolated from tsetse fly vectors of African trypanosomiasis. These SGHVs have a larger genome than MdSGHV, show wider tissue tropism, are vertically transmitted, and are known to persist asymptomatically in tsestse flies. Comparisons among the different SGHV sequences will provide opportunities to assign genotypic profiles to similar and dissimilar viral phenotypes.
Material and methods
Virus production and purification
As an alternative to cloning the virus (no cell lines are known to support MdSGHV replication), a single hypertrophic gland was dissected from an MdSGHV infected feral adult house fly. This gland was homogenized in 1ml of phosphate buffered saline (PBS), filtersterilized (Ultrafree-MC, Millipore Corp., Billerica, CA), and injected (2μl/fly) into 200 newly emerged adult house flies. Injected house flies were placed in cages, provided with food and water, and incubated at 26°C. After 5days, the injected flies were immobilized on ice, and infected salivary glands were dissected, pooled, and frozen at − 70°C. Glands from 100 infected flies were homogenized in 5mM Tris-HCl (pH 7.5) containing 0.2M sucrose, 0.13M NaCl, 3mM KCl, and 3mM EDTA, subjected to low-speed centrifugation (1500g, 20min) to remove tissue debris, applied to a 10-50% isotonic linear gradient of Nycodenz (Accurate Chemicals & Scientific Corp., Westbury, NY), and centrifuged at 30,000rpm (~100,000g) for 90min. The virus band was collected and subjected to another high-speed centrifugation for 30min to remove residual gradient material. Purified virus was suspended in TE buffer (10mM TRIS, 1mM EDTA), aliquoted and stored at − 20°C. The quality of the virus fraction was determined by electron microscopy. A dilute viral preparation was applied to formvar + carbon-coated grids, fixed with 2% glutaraldehyde in 0.1M cacodylate, water washed, dried, and stained with aqueous uranyl acetate and lead citrate. Grids were examined with an Hitachi H-7000 TEM operating at 100kV and images captured with a Soft-Imaging System MegaView III with AnalySIS.
Analysis and identification of viral structural proteins
An aliquot of the purified virus preparation was solubilized in SDS-β mercaptoethanol and electrophoresed onto a 5 to15% gradient polyacrylamide gel electrophoresis (PAGE) gel (Laemmli, 1970) . The Coomassie R-250 blue-stained gel was recorded with the Bio-Rad gel imaging XRS system. Precision Plus Protein unstained standards (BioRad Laboratories, Inc., Hercules, CA) were used to calculate a standard curve (R-square = 0.987) and subsequent molecular weights of viral peptide bands were calculated using the Quantity One software (BioRad Laboratories, Inc.).
Coomassie R-250 blue-stained protein bands and interband gel regions were excised and digested in-gel with trypsin (Link et al., 1999) . Capillary reversed-phase HPLC separation of protein digests was performed on a 15-cm-by-75-μm (inner diameter) TARGA C18 column (Higgins Analytical, Mountain View, CA) in combination with an Ultimate Capillary HPLC system (LC Packings, Sunnyvale, CA) operated at a flow rate of 200nl/min. Mass spectrometry analysis of the trypsin-digested peptides derived from the one-dimensional gel (GeLC-MS/MS) was accomplished by a hybrid quadrupole time-offlight MS instrument (QSTAR; Applied Biosystems, Foster City, CA) equipped with a nanoelectrospray source at the Proteomics Core Facility from the Interdisciplinary Center for Biotechnology Research, University of Florida, Gainesville, Florida. Amino acid sequence data generated by the QSTAR from the MS/MS were searched against the National Center for Biotechnology Information non-redundant sequence database using the Mascot (Matrix Science, Boston, MA) database search algorithm. Mascot was set up to search the MdSGHV ORF database. Scaffold (version Scaffold-01_06_19, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications. Proteins identified by Mascot were considered significant if individual ion scores exceeded the threshold value calculated for identity or extensive homology (P ≤ 0.05). The percent coverage of each protein by peptide fragments identified was calculated using only the unique peptide fragments with 100% amino acid identity (i.e., amino acid sequences from recurring peptide fragments or overlapping amino acid sequences were counted only once).
MdSGHV genome purification and EcoRI library construction
Virus was treated with 1.5% sarcosyl and 250μg/ml proteinase K and the DNA was purified by phenol/ether extractions as described by Garcia-Maruniak et al. (2004) . To determine if the genome was circular or linear, 400ng of undigested DNA was end-labeled with 2μCi 32 P-dATP and DNA polymerase I large fragment (Klenow, New England BioLabs, Beverly, MA). MdSGHV genomic DNA (200ng) digested separately with EcoRI, HindIII, BamHI and XhoI was also end-labeled and run in a 0.8% agarose gel. To construct an EcoRI library, 1μg of DNA was digested, ligated into 350ng pGEM 7Z plasmid (Promega Corp., Madison, WI), and used to transform MAX efficiency DH5-α competent cells (Invitrogen, Carlsbad, CA) . Multiple colonies were screened to confirm fragment size. Fragments not cloned during by this approach were cut out of the agarose gel and individually cloned.
Genome sequencing and analysis
Both Sanger (Sanger et al., 1977) and pyrophosphate-based (454) sequencing techniques were used to sequence the MdSGHV genome.
Initially, 192 EcoRI clones were used for cycle sequencing using T7 and SP6 primers and BigDye terminator cycle sequencing kit (Applied Biosystems, Foster City, CA) and sent to the University of Florida Interdisciplinary Center for Biotechnology Research (ICBR). Secondly, an aliquot of 20μg of total DNA was submitted to 454 sequencing. This was performed as described in the supplementary material and methods to Margulies et al. (2005) with slight modifications from the specifications (454 Life Sciences, Branford, CT). Briefly, high molecular weight DNA from the RCA reactions was sheared by nebulization to a size range of 300 to 800bp. DNA fragment ends were repaired and phosphorylated using T4 DNA polymerase and T4 polynucleotide kinase. Adaptor oligonucleotides "A" and "B" supplied with the 454 Life Sciences sequencing reagent kit were ligated to the DNA fragments using T4 DNA ligase. Purified DNA fragments were hybridized to DNA capture beads and clonally amplified by emulsion PCR (emPCR). DNA capture beads containing amplified DNA were deposited in individual lanes of a 40 × 75mm PicoTiter plate and DNA sequences determined using the GS-FLX instrument. DNA sequence information from the initial and supplementary runs was combined in a single assembly using Newbler sequence assembly software. Some PCR amplifications followed by sequencing of the DNA products were needed to close every gap of the genome. The contigs assembled by Newbler and the electropherograms obtained from the EcoRI clones or PCR products were further aligned using Sequencher 4.8 (Gene Codes Corp., Ann Arbor, MI). Regions of nucleotide polymorphism were mapped. Putative open reading frames containing at least 50 amino acids, ATG start sites, and presenting minimal overlapping in the genome were identified with ORF finder (http://www.ncbi.nlm.nih. gov/gorf/gorf.html) and Gene Finding in Viruses program from SoftBerry (http://www.softberry.com/berry.phtml). The translated amino acid sequence of each ORF was compared to the GenBank database by protein BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) against the default and virus-only databases. A local database with only the nudivirus protein sequences was created and used to compare all MdSGHV ORFs. Significant homology was arbitrarily set at a BlastP E-value of 0.01 or less. Conserved domains and putative functional protein sites were searched for each ORF using Interproscan (http://www.ebi.ac.uk/interpro/) (Quevillon et al., 2005) . Tandemrepeat sequences were found with the help of Tandem Repeat software (http://tandem.bu.edu/trf/trf.html) (Benson, 1999) .
Phylogenetic analysis
Amino acid sequences were aligned with ClustalX 2.0 (Thompson et al., 1997) . Alignments were edited, when needed, with MacClade 4.0 PPC (Maddison and Maddison, 2000) and the phylogenetic trees were constructed using PAUP⁎ 4.0b (Swofford, 2003) . Distance analysis with neighbor joining was done. The robustness of the tree was tested using bootstrap and 1000 replicates. For the construction of the combined tree of p74, pif-1, pif-2, and pif-3, a file containing the concatamer of the four genes was created and analyzed as described before.
